Staphylococcus aureus NCTC 8325 exhibited a long lag phase (11 h) when inoculated into defined medium lacking proline, that could be shortened by increasing the concentration of arginine in the medium, or by supplying ornithine. Radioactivity from ~-['~C]arginine, but not ~-[l~C]glutamate was incorporated into a spot with the chromatographic mobility of [14C]proline in the pool metabolites fraction. Selection for transposon TnSI7-lacZ mutants impaired in arginine catabolism yielded four proline auxotrophs. Enzyme assays and precursor feeding experiments suggested that the major pathway for proline biosynthesis in S. aureus was from arginine via ornithine and A'-pyrroline 5-carboxylate, rather than from glutamate. Strain 8325 Pro+, a proline prototrophic variant obtained by cultivation of 8325 in the absence of proline, accumulated ~-[l~C]arginine from the medium at about eight times the rate of strain 8325, suggesting its response to proline starvation was to increase arginine uptake.
INTRODUCTION
StapLylococcus aureus typically requires a complex COW bination of amino acids and vitamins to grow in synthetic medium. Emmett & Kloos (1975) examined the amino acid requirements of 50 strains of S. aureus and found that the most frequently required amino acids were arginine and valine, followed by leucine, cysteine and proline. These authors noted that a number of auxotrophic strains exhibited large isolated colonies among a reduced background of auxotrophic growth, when certain amino acids were omitted from the growth medium. These colonies were believed to be the result of spontaneous mutations in cryptic amino acid biosynthetic pathways, which allowed the cells to produce the missing amino acid. Particularly high reversion frequencies were noted when the amino acids alanine, glycine, leucine, proline, tryptophan or valine were omitted from the growth medium.
During an investigation of proline transport and its t Present address: ldexx Laboratories, One ldexx Drive, Westbrook, ME 04092, USA. relation to osmoregulation in S. atlreus strain NCTC 8325, we found a long delay in growth (at least 11 h) when the strain was inoculated into defined medium lacking proline (Townsend & Wilkinson, 1992) . Subsequent studies on solid medium revealed that a majority of the cells (about 79 %) were able to grow in the absence of proline after 3 d of incubation at 37 "C. These results suggest that a functional proline biosynthetic pathway is present in this strain, but that it requires an unusually long period of time to become fully active.
The major pathway leading to the production of proline in bacteria has been well established for many years (Leisinger, 1987) . In this pathway, glutamic acid is converted to proline in a four-step sequence involving the enzymes y-glutamyl kinase (glutamate 5-kinase, EC 2.7.2.1 l), glutamate-y-semialdehyde dehydrogenase (EC 1 .2.1.41) and A'-pyrroline-5-carboxylate (P5C) reductase (EC 1.5.1.2) (Fig. 1 ). This pathway for proline biosynthesis has been established in Escherichia coli, Bacilltls spp. and other bacterial species (Baumberg & Klingel, 1993; Hayzer & Leisinger, 1981 ; Leisinger, 1987) , as well as the yeast Saccharomyes cerevisiae (Brandriss & Falvey, 1992) .
Proline can also be produced from arginine through the catabolism of arginine by a number of different pathways -A'-P rroline -Glutamate proline -5-carKoxylate 4 -f7 a- Ketoglutarate   Fig-7 . General metabolism of arginine, proline and glutamate. The numbers refer to enzymes: 1, arginase; 2, ornithine aminotransferase; 3, P5C reductase; 4, proline oxidase; 5, P5C dehydrogenase; 6, y-glutamyl kinase and glutamate-ysemialdehyde dehydrogenase; 7, glutamate dehydrogenase. (Abdelal, 1979 ; Cunin e t al., 1986) . One such pathway, the arginase pathway, has been characterized in a number of bacteria, including Bacihs stlbtilis and Bacillzcs licbenifrmis (Fisher, 1993; Laishley & Bernlohr, 1968) , as well as in some eukaryotic organisms such as Saccb. cerevisiae, Aspergilltls niddans and Newospora crassa (Fig. 1) . There are three enzymes in the arginase pathway: arginase (EC 3 . 5 . 3 . l), ornithine aminotransferase (ornithine-0x0-acid transaminase, EC 2.6.1 .13) and P5C dehydrogenase (EC 1 .5.1.12), which are involved in utilizing arginine as a source of carbon and energy (Fig. 1) . Proline is formed in this pathway through the reduction of P5C by P5C reductase.
In this paper, we provide evidence which suggests that in S. azlrem, proline is biosynthesized through an arginine to proline pathway rather than one which converts glutamate to proline.
METHODS
Bacterial strains. 5'. aureus NCTC 8325 (Novick, 1991) and strain 8325 Pro+, a variant of 8325 that is prototrophic for proline (Townsend & Wilkinson, 1992) , were studied. Both strains 8325 and 8325 Pro+ are arginine auxotrophs, showing an absolute requirement for arginine (or ornithine). For construction of transposon-induced mutants, 5'. atlrez4.r strain ISP2018 [a derivative of 8325-4 containing plasmid pTV32, which harbours Tn917-lac2, a 5-4 kb transposon encoding MLS' (macrolide, lincosamide and streptogramin antibiotic resistance) supplied by P. A. Pattee, Iowa State University, Ames, Iowa] was used. Mutants DT105, DT112, DT115 and DT116, selected for being defective in arginine catabolism, were also studied. Southern hybridization experiments were performed to determine the number of transposon insertions per mutant. DNA from the mutants was digested with various restriction endonucleases, electrophoresed, blotted and probed with Tn917-lacZ. The results indicated the insertion of single copies of the transposon into the chromosome of the mutants (data not shown).
Growth conditions. Unless noted otherwise, all experiments were carried out with cells grown in a defined medium containing glycerol as the primary carbon and energy source (Townsend & Wilkinson, 1992) , but lacking (NH,),SO,.
Arginine uptake studies. To measure the rate of ~-[l*C]arginine uptake in exponential phase cultures of strains 8325 and 8325 Pro+, an uptake assay protocol involving membrane filtration and scintillation counting, similar to that of Townsend & Wilkinson (1 992), was used.
Isolation of transposon-induced mutants. Strain ISP2018 was grown on a plate of tryptic soy agar containing erythromycin (20 pg ml-l) for 2 d at 25 OC. This culture was then resuspended and diluted in NaCl (085%, w/v), and spread onto plates of glycerol defined medium plus erythromycin (20 pg ml-'), or plates of tryptic soy agar containing erythromycin (20 pg ml-l), and grown overnight at 43 OC. Plates with about 500 colonies were replica-plated onto defined medium lacking glycerol and containing arginine (50 mM) as the major carbon and energy source (arginine defined medium) and erythromycin (20 pg ml-'). In some experiments, the colonies were replicaplated onto arginine defined medium minus proline containing erythromycin (20 pg ml-'). After overnight incubation at 43 "C, these plates were screened to identify mutants that could not grow on the selective media. Mutants that did not grow, or grew poorly on the arginine defined medium plates, but grew well on the original master plates, were retained for further study.
Isotope tracer studies. The ability of S. aureus to biosynthesize proline from arginine or glutamic acid was evaluated by culturing cells to late exponential phase with radiolabelled ~-[l~C]arginine (0.19 pCi ml-l) or ~-[l~C]glutamate (0036 pCi ml-l) and examining the intracellular pool for the presence of radiolabelled proline. The pool metabolites fraction was obtained by trichloroacetic acid extraction and subjected to paper chromatography as described by Townsend & Wilkinson (1 992).
Pool amino acid analysis. The intracellular amino acid pools of strain 8325 grown with different concentrations of arginine and glutamate were measured in late exponential phase cells. The pool metabolites fraction was obtained by trichloroacetic acid extraction as described by Christian (1961) and Graham & Wilkinson (1992) . Amino acid analysis by HPLC of phenylisothiocyanate derivatives was performed on a Waters P I C 0 TAG column according to the method of Bildingmeyer e t al. (1984) . Hydroxyproline was used as an internal standard.
Arginase and ornithine aminotransferase assays. Arginase and ornithine aminotransferase activities were assayed colorimetrically as described by Harwood & Baumberg (1 977) in cells made permeable by chloroform treatment.
P5C synthesis. P5C was synthesized from hydroxylysine using the method described by Williams & Frank (1975) .
Molecular genetic procedures. DNA was isolated from 5'. aureus strains as described previously (Jayaswal et al., 1990) . Plasmid isolation, Southern blot analysis and oligonucleotide labelling were performed as described by Sambrook et al. (1989) .
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RESULTS AND DISCUSSION
Arginine and ornithine reduce the lag associated with proline starvation
Strain 8325 grew poorly in medium lacking proline, exhibiting a long lag phase unless the medium was supplemented with a high concentration (5-50 mM) of arginine (Fig. 2) . Other amino acids, such as glutamate, glycine, lysine or tryptophan, failed to spare the proline requirement. Ornithine (250 pM) was able to substitute for both proline and arginine, and ornithine was more effective than arginine at the same concentration. The mean generation time of the culture in glycerol defined medium lacking both proline and arginine, but containing 250 pM L-ornithine was 1.1 h, compared with 7.5 h in medium lacking proline but containing 240 pM L-arginine. Increasing the L-ornithine concentration to 25 mM did not further increase the growth rate of the culture.
These results suggest that S. aE/Tez/s is able to synthesize proline from arginine via ornithine.
Amino acid pool analysis of cultures grown in the presence of increasing concentrations of arginine or glutamate
The intracellular amino acid pool of strain 8325 was measured. Increasing the concentration of arginine in the glycerol defined medium resulted in a significant increase in the intracellular concentrations of ornithine and proline ( Table 1 ). The intracellular concentration of ornithine increased from < 1 to 46 mM when the concentration of arginine in the growth medium was increased from 0.05 to 50 mM. Under these same conditions, the intracellular concentration of proline increased from 32 to 69 mM. Increasing the glutamate content of the growth medium decreased the intracellular concentration of both of these amino acids.
Incorporation of radioactivity from ~-['~C]arginine but not ~-[~~C]glutamate into proline
In a typical experiment, strain 8325 accumulated 1707 c.p.m. (mg dry wt)-' in the pool metabolites fraction when grown in the presence of^-[ 14C]arginine. Chromatography of the pool extract indicated that about 17 % of the radioactivity migrated with the same mobility as authentic proline (Fig. 3a) . No spot corresponding to radioactive proline was detected in the pool metabolites fraction of L-[ "C] glutamate-grown cultures, despite having accumulated 18596 c.p.m. (mg dry wt)-' (Fig. 3b) .
Isolation of transposon-induced mutants defective in the arginine to proline pathway
To further establish the biosynthesis of proline from arginine, we isolated several mutants defective in arginine catabolism that were proline auxotrophs. The growth characteristics of the mutants on solid medium are summarized in Table 2 . The auxotrophic requirement for proline of mutant DT105 was eliminated when the mutant was grown in glycerol defined medium minus proline supplemented with 50 mM ornithine or 28.5 pM P5C. This mutant was able to grow weakly in medium containing arginine as a major carbon and energy source. When 50 mM arginine was added to glycerol defined medium lacking proline, weak growth relative to the wild-type control was observed, consistent with the weak growth observed on arginine defined medium. The growth characteristics of this mutant suggested that it was defective in arginase activity (Fig. 1) .
The specific activities of arginase (Table 2 ) and ornithine aminotransferase of the arginase pathway were compared in strains 8325 and DT105. The results strongly suggest that strain DT105 is defective in arginase activity. This would explain why ornithine and P5C were more effective than arginine in supporting growth of this mutant in the absence of proline. Strain 8325 and DT105, and indeed all strains studied, had similar activities of ornithine aminotransferase ranging from 0.075 to 0.14 A440 units h-' (mg dry wt)-'.
The incorporation of radioactivity from ~-[l~C]arginine into proline was determined in strain DT105 (Fig. 3c) . The mutant accumulated 3712 c.p.m. (mg dry wt)-' in its pool metabolites fraction, and chromatography indicated that [14C]proline corresponded to 7 % of the total pool radioactivity, compared to 17% in strain 8325 (Fig. 3a) .
The low amount of ~-['~C]proline produced from L-
["Clarginine may explain our results above, which show slow, weak growth of this strain in the absence of proline, after a long delay when 50 mM arginine is present in the medium (Table 2 ). This suggests that a small amount of arginine may be being converted into ornithine or P5C. Given the low, but possibly significant, activity of arginase in strain DT105 (Table 2) , it may be that the transposon has inserted into a promoter region, rather than the arginase structural gene. It is also possible that an alternative, slower pathway producing ornithine or P5C independent of arginase, may be operating (Abdelal, 1979; Cunin e t al., 1986) , which can then be used to produce proline. A candidate is the deiminase pathway known to be present in Bacillzrs sp., lactic acid bacteria and clostridia (Fisher, 1993) . This is also known as the arginine dihydrolase reaction which generates ATP by substrate level phosphorylation. This reaction has been detected in S. aweus (Krasuski, 1981) . In addition, class I arginine hydroxamate-resistant mutants of B. szrbtilis also seemed to catabolize arginine, even though arginase activity was undetectable (Mountain & Baumberg, 1980) . Three additional mutants were isolated which could not grow on arginine defined medium minus proline (DT112, DT115 and DT116). These mutants were auxotrophic for proline but could grow well with arginine as the major carbon and energy source when proline was present. The mutants were unable to grow in the absence of proline even when 50 mM arginine, 50 mM ornithine or 28.5 pM P5C were provided in the medium. The mutants had normal arginase (Table 2 ) and ornithine aminotransferase activities. There was essentially no incorporation of radioactivity from ~-[l~C]arginine into proline in strain DT112 (Fig 3d) . The characteristics of these mutants suggest that they may be defective in the enzyme P5C reductase. However, all attempts to assay P5C reductase - activity in vitro in the wild-type and mutant strains failed to yield any positive results.
Studies of 8325 Pro+, a proline prototrophic variant of strain 8325
Strain 8325 Pro' is characterized by its ability to grow in the absence of proline without a long lag phase. The strain was originally isolated as a single colony of strain 8325 grown on a plate of glycerol defined medium lacking proline for 3 d at 37 O C (Townsend & Wilkinson, 1992) . The strain has been maintained on glycerol defined medium lacking proline since. Cultivation of this strain in glycerol defined medium plus proline, followed by subculturing into medium minus proline did not restore the long lag phase to this strain. This suggests that the proline biosynthetic pathway in this strain is either permanently 'switched on', or is not repressed by the presence of proline in the growth medium. The arginase (Table 2 ) and ornithine aminotransferase activities of strain 8325 Pro' were very similar to those of strain 8325. These observations suggest that inducing proline biosynthesis in this strain does not involve increasing the expression of the arginase pathway.
When grown with ~-[l~C]arginine in glycerol defined medium lacking proline, strain 8325 Pro' accumulated 24926 c.p.m. (mg dry wt)-' in the pool metabolites fraction, almost 15 times more than strain 8325. Such a large pool of accumulated radioactivity suggests that arginine is taken up more effectively by strain 8325 Pro'. Chromatography of the pool extract indicated that 28% of the radioactivity migrated with the same mobility as authentic proline (Fig. 3e) . When strain 8325 Pro' was grown with radiolabelled glutamate, 16 540 c.p.m. (mg dry wt)-l accumulated. However, none of the radioactivity migrated as proline (Fig. 30 . These results support the idea that arginine, and not glutamate, serves as a precursor for proline biosynthesis in this strain. 
Arginine uptake studies
The radioisotope studies demonstrated that strain 8325 Pro' accumulated much more radioactivity from L-[14C]arginine than strain 8325. Such an increase in the radioactive pool could arise from an increased rate of uptake of ~- [l~C] arginine. The uptake of ~-[~~C]arginine by strains 8325 and 8325 Pro' from glycerol defined medium and glycerol defined medium minus proline, respectively, were measured (Fig. 4) . After 15 min, strain 8325 Pro' had accumulated about eight times more L- [14C] arginine from the growth medium than had strain 8325. When the uptake of ~-[l~C]arginine was measured in chloramphenicol-inhibited cultures where protein synthesis could not occur, strain 8325 Pro' accumulated 5.9 times more ~-[l~C]arginine than strain 8325.
No difference in ~- [~~C] glutamate accumulation was noted between the two strains (data not shown). These results suggest that strain 8325 Pro' has responded to proline starvation by increasing its capacity to take up arginine from the medium.
Cultivation of S. aureus strain 8325 in the absence of proline results in the stimulation of an arginine to proline biosynthetic pathway. Strain 8325 Pro', which was obtained by cultivating strain 8325 on solid defined medium lacking proline, appears to be permanently switched on for a high expression of the arginine to proline pathway. S. at/Tez/s strains that require the presence of several amino acids can be ' trained ' to grow in media containing progressively fewer amino acids (Archibald & Heckels, 1975 ; Gladstone, 1937) . Reversion from auxotrophy to prototrophy has also been described in lactobacilli, enterococci and pediococci (Deguchi & Morishita, 1992 ; Morishita e t al. , 1974 Morishita e t al. , ,1981 . Reversion is presumed to be due to single mutations. The basis for amino acid auxotrophy has been studied in various bacteria. In Shigella ajverateriae, which is naturally auxo trop hic for tryptophan, a promoter mutation reducing promoter function by 90 % and a mutation in trpE were described (Miozzari & Yanofsky, 1978) . Neisseriagonorrhoeae arginine auxotrophs contained a 3 bp deletion in the argJ gene (Martin & Mulks, 1992) . Recently, Godon e t al. (1993) and Delorme e t al. (1993) have compared gene sequences of leu and his genes in dairy strains of Lactococcus lactix subsp. lactis, which are auxotrophic for the branched chain amino acids and histidine, with these genes from prototrophic strains isolated from non-dairy sources. The auxotrophic dairy strains, which were not able to revert to prototrophy, were not deleted for the leu and his genes in question but contained various nonsense mutations, frameshift mutations, deletions and mutations in the promoter region, depending on the gene under study. The prediction from the present study is that S. aureus is defective in the gene for y-glutamyl kinase and/or glutamatey-semialdehyde dehydrogenase encoding the enzymes involved in the conversion of glutamate to P5C.
The major difference related to proline biosynthesis observed in the proline prototroph S. awem 8325 Pro' obtained from the proline 'auxotroph' 8325 appears to be an enhanced ability to transport arginine in the proline prototroph. To our knowledge this is the first instance where reversion to prototrophy may involve a transport protein rather than a biosynthetic enzyme. In related findings, Rahman & Clarke (1980) described a strain of Pseudomoms aeruginosa unable to utilize L-lysine effectively as a carbon source due to low activity of a lysine permease. Mutants that grew well on lysine had active L-lysine uptake systems. The mechanism involved in producing the enhanced arginine transport activity in 5'. anreas is unclear at this time. Interestingly, in this connection, one of the characteristics of stationary phase bacteria, which can be regarded as bacteria starved for nutrients (Kolter et d., 1993) , is that glucose and amino acid transport systems are induced during starvation (Faquin & Oliver, 1984; Kolter et al., 1993) . Obbink & Campbell (1 973) described increased proline transport in proline-starved S. aureus and Townsend & Wilkinson (1992) showed that strain 8325 Pro' had 3-5 times the activity of the high affinity proline transport system compared to strain 8325. Arginine and ornithine utilization is defective in B. sabtilis sigL mutants (Debarbouille et al., 1991) . sigL encodes an alternative RNA polymerase c factor homologous to RpoN (c") in enteric bacteria. An ORF with significant homology to arginine permeases in other bacteria has been shown to be located in an operon dependent on the SigL c factor for expression (I?. Glaser quoted in Fisher, 1993) . Possibly, S. anrezts 8325 Pro' could be expressing an arginine transport system dependent on a starvationregulated alternative c factor. Interestingly, in enteric bacteria RpoN is involved in the response to nitrogen starvation. A notable finding during these studies was that ornithine was more effective than arginine in supporting the growth of strain 8325 in the absence of proline. These results suggest a discrimination between the uptake of arginine and ornithine. Although surprising at first sight, these findings are compatible with knowledge of transport of the basic amino acids in E. cob, where at least three systems exist for the transport of arginine, lysine and ornithine (Steltes e t al., 1992) . One system, the argininespecific system, transports only arginine. A second system, (the LAO system) transports lysine and ornithine, and is inhibited by arginine, which is not a substrate of the LAO system. The third system is a lysine-specific permease. If a similar situation exists in S. aureus, our results could be explained by suggesting that ornithine is transported, by the LAO system, more efficiently than arginine in both strains. There are other arginine-and ornithine-related observations that may be relevant. Arginine/ornithine exchange systems have been described in various bacteria including Spiroplasma melliferum, lactic acid bacteria and P. aeruginosa (see Shirazi et al., 1995) . Also, a staphylococcal siderophore, staphyloferrin A, has D-ornithine as a major structural component and addition of D-ornithine to iron-deficient medium stimulates siderophore production markedly (Konetschny-Rapp et al. 1990 ). Clearly, scope exists for clarification of basic amino acid transport in S. aurem.
The results presented in this paper from nutritional, radiolabelling, and mutant studies are consistent with the suggestion that in 5'. aureus, proline is biosynthesized from arginine and not glutamate, and that the transport of arginine into the cell and its catabolism through the arginase pathway probably play key roles in this process.
